Introduction
Due to their low mass density, Al--Mg alloys are of great interest for technological applications. Consequently, the phase diagram has been studied several times not always leading to an improvement on the previous ones. The latest version, referred to in this paper, has been published by Okamoto (1998) .
The system Al--Mg contains a few rather complex intermetallic compounds. The one with the highest complexity is b-Mg 2 Al 3 (cF1168). This polytetrahedral intermetallic compound consists of 672 icosahedral clusters, 252 Friauf polyhedra and 244 other polyhedra (Samson, 1965) . It shows many partially occupied and split positions leading to only 1168 atoms per unit cell instead of the 1832 ones expected from the multiplicity of the (partially) occupied Wyckoff positions. Furthermore, there are a number of metastable quasiperiodic and incommensurately modulated Mg--Al phases known with cubic symmetry (Donnadieu et al., 2002) .
Why is it of interest to study b-Mg 2 Al 3 once more? First of all, it has a very low density. If it proves true that almost one third of atomic sites is only partially occupied (structural vacancies) or are split positions (structural halfvacancies), this polytetrahedral intermetallic phase could be a good hydrogen storage or thermoelectric material. Second, since it consists of many clusters, its physical properties may be strongly influenced by the existence of competing length scales for electrons and phonons, those of the clusters and that of the lattice periodicity. Third, Samson (1965) performed his admirable structure analysis more than 40 years ago, and his results should be checked by a state-of-the-art structure analysis.
This work resulted from a close cooperation within the framework of the European Network of Excellence on Complex Metallic Alloys (NoE CMA). Large single crystals as well as polycrystalline samples were grown at FZJ (abbreviations are explained in the list of author affiliations); phase diagram studies were performed at MPG-ICP; the microstructure was mainly investigated at AGH-UST (conventional transmission electron microscopy, CTEM), CNRS-G (high-resolution transmission electron microscopy, HRTEM), -N and -M (X-ray topography, XRT, and absorption/phase-contrast radiography, A/PCR); temperature dependent studies were carried out by X-ray diffraction (XRD) at ETHZ (imaging plate scanner, IPS) and CNRS-G (single counter), single crystal structure analyses at KTH (b 0 -phase) and ETHZ (HT b-phase), powder diffraction at CNRS-V (Rietveld refinement of b-phase) and UFRAN (pair-distribution function, PDF, of b-phase); quantum-mechanical calculations at SAS and symmetry analysis at AGH-UST; thermal expansion and elastic properties as a function of temperature at UFRAN. The list of all authors but the last one, who edited the manuscript, follows the sequence of their contributions in the paper.
The paper is structured as follows: In § 2 crystal growth and phase stability of the b-phase are described, followed by a discussion of microstructure and results of X-ray topography, radiography and electron microscopy in § 3. Reciprocal-space exploration by XRD and structure analysis of b-Mg 38.5 Al 61.5 at room temperature (RT) and 400 C are described in § 4. In the same chapter also the structure determination of b 0 -Mg 38.5 Al 61.5 is reported as well as the results of quantum-mechanical calculations on the stability of this new phase. The symmetry relationships between b-and b 0 -phase are discussed in § 5. This is followed, in § 6, by the presentation of the short-and long-range ordering study by PDF and of temperature-dependent diffuse scattering experiments. The final chapter, § 7, deals with thermal expansion and elastic parameters. The different single and polycrystalline samples used in all these studies are listed in Table 1-1. 2. Sample preparation and stability range of b-Mg 2 Al 3
Growth of large single crystals
Single-phase polycrystalline ingots were produced by levitation melting in Ar atmosphere (0.1 MPa). The composition was chosen as 61.5 at% Al and 38.5 at% Mg using high-purity (Al: 5N, Mg: 3N5) starting materials. The ingots were investigated by scanning electron microscopy (SEM) and X-ray powder diffraction (XRPD). Single-crystals (later called FZJ-1 or FZJ-1a, -1b) were grown using the flux-growth technique (Feuerbacher et al., 2003) . The sample, produced according to the above-described procedure, was placed in an alumina crucible, which was closed by placing an inverted crucible of the same size on top. This assembly was sealed in a quartz ampoule under an argon atmosphere of 0.08 MPa. The ampoule was placed in a chamber furnace and a dedicated temperature program was run: first, the material was homogenized at 600 C for 1 h. Then the temperature was lowered by 10 C/h to 540 C and subsequently to 300 C at 1 C/h. When the temperature of 300 C was reached, the ampoule was quickly taken out of the furnace and centrifuged in order to remove any remnants from the surface. The resulting ingot was cylindrical with a diameter of 3 cm and a height of about 2.5 cm, i.e. the volume was about 17.7 cm 3 . By means of Laue X-ray diffraction it was shown that the ingot consisted of two single-crystalline parts. On the surface, a (111) grain boundary dividing the ingot into two single crystals, could clearly be seen. The smaller piece had the shape of a cylindrical wedge with a volume of about 0.9 cm 3 , the other piece accordingly had a volume of about 16.8 cm 3 . For X-ray structure analyses, cubes of 1 Â 1 Â 1 mm 3 were cut by means of spark erosion. The cubes were used to produce spheres by grinding using 180, 800, and 1200 grit paper, subsequently. Crystals with nearly perfectly spherical shape with diameters of about 400 to 450 mm with no remnants of spark-erosion affected surface layers were obtained after a total of about 100 h of grinding time. Samples for other types of measurement were cut into the required shape by spark erosion. Subsequently the surface was ground to remove all remnants of spark-erosion affected surface layers.
Samples to be used in polycrystalline form (later called FZJ-2), were prepared from the same type of prealloys used also for the growth of single crystals. The prealloys were just remelted in an inductively heated graphite crucible under argon atmosphere and cooled to 100 C within 5-10 min.
Preparation of polycrystalline samples
An alloy with composition Mg 38.5 Al 61.5 (later called MPG-ICP-1) was prepared from elemental Al and Mg as starting materials (Chempur, 99.99% metals purity, granules, Al:˘% 2-10 mm, Mg:˘% 1-5 mm, total mass of approx. 1 g). All materials were handled in argon-filled glove boxes (O 2 , H 2 O < 1 ppm). Weighted amounts of the elements were weld-sealed in tantalum tubes (Plansee AG, Austria,˘¼ 8-16 mm, 0.4 mm wall thickness) to avoid mass loss due to the high vapor pressure of Mg over the melt. The tantalum containers were then encapsulated in fused silica ampoules under reduced argon pressure. The mixture of the elements was heated up to 700 C in a laboratory furnace (Nabertherm L15) and kept 24 h at 700 C in the melt to assure homogenisation and subsequently quenched in cold water leaving the quartz glass ampoule intact. The samples were then annealed at 170 C for 42 d, at 287 C for 10 days or at 400 C for 10 days, respectively. Finally, they were quenched in cold water by shattering the quartz glass ampoule. A fourth test series was annealed first at 300 C for 10 days, then slowly cooled down to 170 C. After 40 days of heat treatment the samples were quenched in cold water by shattering the quartz glass ampoule. The spatial and temporal fluctuation of the annealing temperatures inside the furnaces used was estimated from calibration measurements to be within 3 C.
Chemical analyses for non-metal impurities were carried out using the carrier gas hot extraction or the combustion technique (H: Leco RH-402; N, O: Leco TC-436 DR; C: Leco C-200 CHLH). Sample mass per determination was approx. 50 mg with the following limits of detection (LOD) given in parentheses: N (100 ppm), O (500 ppm), C (100 ppm), H (40 ppm). For all educts and products analyzed the non-metal impurities were below the limits of detection. Trace analysis of tantalum by the Inductively Coupled Plasma-Mass Spectrometry was done with limit of detection of $400 ppm. The total composition was checked by atomic emission spectrometry with plasma excitation (ICP-OES, Varian, Vista RL). For each analysis samples of approx. 100 mg were dissolved in diluted nitric acid.
The unit cell parameters at room temperature were determined from X-ray powder diffraction data employing a Huber G670 Guinier camera equipped with a Ge(111) monochromator and CuK a 1 (l = 1.54059 A) or CrK a 1 (l = 2.28962 A) radiation. LaB 6 (NIST SRM 660a, a = 4.15692 A) was used as an internal standard. The unit cell parameters were refined by least-squares fits of the calibrated diffraction angles in the range 30 2q 80 for CrK a 1 radiation. The diffraction angles have been obtained by a single profile fitting procedure using a pseudo-Voigt profile function. To check the reliability of the unit cell parameters based on the in-house measurements, powder patterns for two samples were collected at the synchrotron radiation source ESRF in Grenoble, France at the ID31 powder diffractometer with l ¼ 0.401159 A (capillary, ¼ 0.1 mm). Both sets of lattice parameters are equal within estimated standard deviations (esds).
X-ray powder patterns at elevated temperatures were taken on a STOE STADI P diffractometer equipped with a primary beam germanium monochromator using CuK a 1 radiation for the sample annealed at 287 C. The powdered sample was loaded between two quartz capillaries of 0.1 and 0.3 mm diameter to reduce loss of intensity by absorpThe Samson phase, b-Mg 2 Al 3 , revisited tion. Data were collected in the range 30 2q 80
starting at 100 C in steps of 50 C up to 400 C. DTA/DSC measurements (Netzsch, DSC 204, thermocouple type E) were carried out on powdered samples in weld-sealed Nb crucibles in the temperature range from 25 C to 600 C. Heating/cooling rates of 5 and 10 C/min have been applied. For temperature calibration the melting points of five pure metals have been used.
Phase transformation
Chemical analysis of the single crystals used for the crystal structure determination (FZJ-1) revealed the composition Mg 38.6(3) Al 61.4(5) . In order to investigate the temperature behavior of the materials with this composition, the independent series of the samples (MPG-ICP-1) with the composition Mg 38.5 Al 61.5 was prepared as described in the experimental section. The composition of the sample after annealing at 400 C was found to be Mg 38.6(2) Al 61.4(3) being in excellent agreement with the composition of the FZJ-1. This certifies the use of the new series samples for further investigations.
The XRPD pattern of sample MPG-ICP-1 after annealing at 400 C was completely indexed with a face-centered cubic ( fcc) lattice and a lattice parameter of 28.242(1) A in good agreement with the (unexpectedly scarce) literature data for the b-phase: 28.239(1) A (Samson, 1965), 28.24 A (Barlock, Mondolfo, 1975) . Annealing at 170 C leads to a splitting of the diffraction peaks ( Fig. 2-1 ) characteristic for a rhombohedral distortion of the initial cubic lattice. Indeed, lattice parameter refinement resulted in a = 19.936(2) A and c = 49.110(6) A confirming the results of the single crystal structure determination for the low-temperature (LT) phase, called in the following b 0 -phase (see below). The temperature behavior was investigated by differential scanning calorimetry (DSC) on sample MPG-ICP-1 annealed at 170 C. At heating, an endothermal effect was observed at 214 C ( Fig. 2) reflecting the b 0 $ b structural transformation from the LT rhombohedral to the cubic HT phase ( Fig. 2-2 ).
For sample MPG-ICP-1 annealed at 400 C, the phase transformation was confirmed by temperature-dependent XRPD ( Fig. 2-3) . At temperatures below 100 C, the metastable high-temperature b-phase is kinetically stabilized and its lattice parameter is linearly dependent on the temperature. Between 100 and 200 C, the partial b ! b 0 transformation leads to XRPD patterns combining the reflections of both, b-and b 0 -phases. Above 214 C, only the b phase is observed revealing a linear dependence of the lattice parameter on the temperature.
Two more samples with compositions Mg 35 Al 65 (CNRS-V-1) and Mg 43 Al 57 (CNRS-V-2), a few at% outside of the stability range given by Okamoto (1998) , were prepared to assess the width of the stability range of the bphase and to obtain it at its Mg-richest and poorest compositions. The alloys were synthesized by induction melting of the pure elements in a copper cold crucible. Subsequently, the samples, wrapped in tantalum foils and sealed under argon in a silica tube, were annealed during 15 days at 300 C. The samples were quenched by throwing the tube into cold water. Significant weight losses were observed neither after induction melting nor after the annealing treatment. The samples were characterized by electron probe microanalysis (EPMA, Camebax SX100), metallography and Rietveld refinement (Fullprof program: Rodriguez-Carvajal, 1993) of XRPD data (Bruker D8 Advance diffractometer equipped with a PAAR chamber, TTK-450, CuK a , Bragg-Brentano geometry, graphite monochromator in the diffracted beam) as well as by differential scanning calorimetry (DSC) (TA Instrument DSC Q100). The sample weight was about 15 mg and the heating/cooling rate 5 C/min. The mass density was measured with a helium gas pycnometer (Micromeritics Accupyc 1330).
DSC scans of Mg 35 Al 65 (CNRS-V-1), consisting mainly of b 0 -phase in equilibrium with the terminal Al solid solution (Table 2-1), showed onset temperatures of 241  C for  the heating and 234 C for the cooling run ( Fig. 2-4) . The well-defined peaks correspond to transformation heats of 1.7 J/g and 1.6 J/g, respectively. Repeated scans did not show any changes indicating a fully reversible phase transition.
Mg 43 Al 57 (CNRS-V-2) has b-phase as main component in equilibrium with g-phase (Table 2-1). For this composition, no indication of a phase transition could be observed by DSC between À170 C and 270 C, by XRPD at À180 C or by electrical resistivity measurements down to À268
C. This is either a consequence of the sluggish kinetics of the phase transition at LT, or a transition temperature below À180 C.
Our results on the Al-rich side of the stability region of the b-phase, are in good agreement with the results by Timm and Warlimont (1980) . The reported strong dependence of the transition temperature is confirmed but we could not observe the phase transformation on the Mg-rich side. Further experiments have to be performed to clarify the phase relationships of the b-phase.
3. Microstructure of Mg 38.5 Al 61.5 For a sample with composition Mg 38.2 Al 61.8 , Timm and Warlimont (1980) report a lamellar microstructure perpendicular to [111] , which disappears by heating in the microscope. The microstructure, the existence of a two-phase region and their observation that the HT phase could not be quenched was interpreted by the authors as typical for a diffusionless martensitic transformation.
In our studies of the microstructure, CTEM and HRTEM, respectively, techniques were employed as well as XRT and absorption/phase-contrast radiography (A/PCR). For crystals with a low defect density ( < % 100 cm À2 ), XRT (Authier, 1967) is the technique of choice for analyzing the defect structure. This is a non-destructive diffraction imaging technique, complementary to CTEM, because of its larger probed volume and its higher strain sensitivity. In single crystals, XRT allows the characterization of defects as well as their long-range strain-field. This is particularly suitable to study the relationships between crystal-growth parameters and microstructural defects. The spatial resolution of this technique is about 1 mm. On the other hand, PCR (Cloetens et al., 1996) reveals inhomogeneities in a crystal such as inclusions or micro-pores and displays their geometry. TEM allows to image defects and, as XRT, it is sensitive to strain, with higher resolution but on smaller scale. The phase-image method applied to HRTEM data allows to measure strain fields quantitatively (Hytch et al., 1998) .
X-ray topography and radiography
Two Mg 38.5 Al 61.5 samples (FZJ-1, FZJ-2) were characterized using on one hand an XRT diffractometer set up in front of an X-ray laboratory source (Lang X-ray topography) and on the other hand both XRT and PCR techniques at ID19 (ESRF, Grenoble). The first sample was a disk (˘$ 10 mm, thickness 1 mm) cut out of sample FZJ-1. It was investigated at room temperature. Lang XRT (Fig. 3-1) shows a striated microstructure and inhomogeneities in this sample. A simple examination of the images using different diffraction vectors shows that the disk contains neither subboundaries nor lattice bending higher than 1 arcmin. The corresponding PCR shows a large number of pores ( Fig. 3-1 ) with sizes ranging from a few micrometers to a few tenths of micrometers, like those observed in quasicrystals (Mancini et al., 1998; Gastaldi et al., 2003; Brunello et al., 2005) .
The second sample (FZJ-2) was partially melted and directionally solidified in a Bridgman furnace (ID19, ESRF, Grenoble; Nguyen et al., 2003) , which allows insitu X-ray observation and imaging by combining XRT and PCR. Figure 3 -2 shows four synchrotron white beam XRTs recorded after stabilization of the solid-melt interface before the beginning of the solidification. The initial crystals were twinned (growth twinning). The twin lamellae were identified as S9 twins with a (221) coherent twin plane and twin grains misoriented by 38.94 around a common [110] axis. The synchrotron white beam XRTs of the twin grains show depth fringes along the grain-boundary plane. It also shows extended defects in some growing grains, which indicate that these grains can have a high degree of perfection close to the melting temperature.
This crystal was further grown by gradually decreasing the temperature of the hot part of the furnace with the sample kept fixed, which leads to a temperature gradient decrease in the sample. A facetted growth of the three twinned grains is revealed by the synchrotron white beam XRTs shown in Fig. 3-3 .
The images of the three twinned grains T1, T2, T3 are gathered because they are given by the same diffraction vector (i.e. common reflection). The growth twinning continues on one facet of the grain T1. New twins T4 are appearing that have not the same diffraction vector. They hence diffract with different angles so that their topograph images appear at different places of the film. The supplementary twins T4 grow adjacent to twin T1. The twinning is repeated in that direction leading to a sandwich of T1/T4. Then, the same sample was melted again, and pulled down at a velocity of 5 mm/s and then 10 mm/s, in a constant temperature gradient of 30 C/cm. A striated microstructure was observed in twinned grains pulled at high velocities. These striations are very similar to those observed in the single grained sample disk. This suggests that the striated microstructure of the crystal results from a high growth velocity.
Electron microscopy
Single-crystalline samples of composition Mg 38.5 Al 61.5 (FZJ-1) were studied in as-grown condition and after annealing in air for 53 h at 180 C. Microstructure analysis was performed by CTEM and STEM-EDS using a JEOL JEM-2010 ARP microscope. Thin foils were mechanically grinded to 120 mm, dimpled down to residual thickness of 30 mm and ion beam milled using argon ions of energy E ¼ 3.5 keV under a 10 beam angle from the top and 4 from the bottom; the sample was not cooled during milling.
The microstructure of the as-grown sample is shown on Fig. 3-4 to Fig. 3-8 but Fig. 3 -5b (annealed sample). It exhibits an inhomogeneous (striated) contrast of the matrix, which indicates a high level of strain in it ( Fig. 3-4) ; this possibility has been tested by HRTEM further (Fig. 3-7) . Sparsely distributed planar defects ( Fig. 3-5a ) in two perpendicular orientations ([220] and [2 2 20]) and dissociated dislocations are observed. The nature of the planar defects was not precisely identified by CTEM and electron diffraction (SAED) did not reveal them, however morphologically they look as domain boundaries or stacking faults.
In the annealed sample, an increased number of planar defects (domain boundaries), arranged in two perpendicular directions ([220] and [2 2 20]), was observed (Fig. 3-5  bottom) . A small number of planar defects was tangled in 45
. The dislocation density was very low. Selected area electron diffraction (SAED) was used for phase identification of the investigated samples. The SAED patterns were interpreted with the JEMS software (Stadelmann, 2005) The SAED patterns taken from as-grown sample ( Fig. 3-6 ) fit the reflections of the Zero and First Order Laue Zone on the [001] zone axis of the b-phase. Additional very weak diffraction spots are observed on h þ k þ l ¼ 4n þ 2 positions (marked by an arrow). The symmetry excludes double diffraction or dynamical contrast effects and they might be attributed to ordering and/or local changes of the chemical composition of the matrix.
In order to get more information on the matrix-striated contrast (as shown on Fig. 3-4) , HRTEM imaging has been performed (sample FZJ-1 as-grown, JEOL JEM-3010 microscope operating at 300 kV; the microscope point resolution was 2.5 A). There the b-phase lattice is highly distorted (Fig. 3-7) . By the phase-image method, a deformation of about 4% can be derived. Additionally to the planar defects observed in the matrix of the as-grown crystal (shown on Fig. 3 -5 top), some lamellar grains have been observed by CTEM, which correspond to the grain-growth microstructures revealed by XRT. Figure 3 -8 displays one of these typical lamellar grains. According to SAED, these grains have a small misalignment of %0.1 to each other. HRTEM carried out on such grains show steps spaced by approximately 100 nm, which is consistent with the grain interface contrast in Fig. 3-9 . The step height is %15 nm.
One can summarize the CTEM/HRTEM results as follows:
The matrix of the b-phase is highly distorted (deformation of about 4%) resulting in a striated contrast. 1) Planar defects within the matrix: À As-grown sample: sparsely present domain boundaries in two perpendicular directions ([220] and [2 2 20]); À Annealed sample: increased number of planar defects (domain boundaries) arranged in the same directions. Additionally, a small number of defects tangled in 45 . 2) Very low dislocation density in both, as-grown and annealed samples.
3) Some lamellar grains in as-grown sample show a small misalignment of %0.1 to each other. This finding corresponds to the grain-growth microstructure revealed by XRT.
4. X-ray diffraction studies 4.1 Reciprocal-space exploration as function of temperature
Spherical single-crystals (˘% 400 mm) of Mg 38.5 Al 61.5 (FZJ-1) were used for exploratory XRD studies as function of temperature. Starting from room temperature (RT), a crystal was first cooled to À183 C and then heated up to 150
C. There are no unexpected changes at low temperature, just the thermal diffuse scattering (TDS) is decreased. At 150 C, however, much less disorder diffuse scattering is left and Bragg reflections become sharper and gain intensity (Fig. 4-1) . 'Sharpening' of Bragg reflections indicates that the sample initially was not in thermal equilibrium. The decrease in diffuse scattering indicates relaxation of strained parts in the structure and increasing longrange order.
Heating up to 400 C in steps of 100 C clearly reveals a phase transition between 200 C and 300 C. The disappearing of particular reflections indicates a structural ordering related to d-glide planes, i.e. the transition from R3m to Fd 3 3m ( Fig. 4-2) .
A RT data set taken with synchrotron radiation (SNBL/ ESRF, Grenoble) of the sample measured before in house at 150 C, exhibits sharp streaks along [100], [110] and [111] directions (Fig. 4-3 ). Such streaks can result from planar defects (domain walls, stacking faults, etc.), i.e. 2D well-ordered lamellae stacked in a random sequence.
Crystal structure of b-Mg 2 Al 3 at ambient temperature
Rietveld refinements were performed with a part of the data collected for the PDF calculations described in § 6.1 (X-rays: details in Table 4 Dreele, 2000, in the EXPGUI, Toby, 2001, environment) . With Samson's model (Samson, 1965) as starting structure, convergence was quickly reached. In case of the synchrotron data, a total number of 48 parameters, i.e. coordinates, occupancy factors and an overall atomic displacement parameter (ADP), were refined against 4239 reflections (i.e. 692 independent reflections marked by Fullprof 'observed'). The results of the refinements are presented in Tables 4-1 At 400 C an in-situ XRD data collection was performed on a spherical sample (˘400 mm), Mg 38.5 Al 61.5 (FZJ-1). A HT-furnace (Estermann et al., 1999) was used, installed on a MAR300 image plate scanner (IPS). The crystal was clamped in an evacuated quartz glass capillary. Prior to the measurement, the as-grown sample was annealed 40 h at 400 C. After quenching the sample it was heated again to 400 C during 40 min and temperature was equilibrated for 1 h before starting the measurement. Data reduction was done with the software CrysAlis (Oxford Diffraction, 2006) and for structure refinement the program SHELXL-97 (Sheldrick, 1997) was used. For further details see Table 4 -3.
The starting model was taken from Samson (1965) . In a first step all positional parameters and anisotropic ADPs as well as occupancies of not fully occupied positions were refined considering symmetry constrains. The refinement converged smoothly to small R-values (R1 = 0.038 for intensities with I > 2s(I)). Inspection of the results indicated that atoms Al12 and Al20 might be removed, because the occupancies became small (<3 e.s.d.) and the ADPs refined to strongly anisotropic and non-positive defined values. Similar results were obtained after Al12 and Al20 as well as closely neighbored Mg11 and Mg19 atoms were refined with isotropic ADPs: the occupancies of Al12 and Al20 refined to small values and therefore these atoms were eliminated from the structure. Subsequent least-squares runs showed that the removed electron densities of Al12 and Al20 could be compensated by increased occupancies of Mg11 and Mg19, respectively. Strong correlations, particularly between occupancies, required further reduction of parameters. As a consequence of removing Al12 the occupancy of Mg11 refined to 0.99 Table 4 -1). Observed (dots), calculated (line) and difference (line below) curves are plotted together with the ticks indicating the reflections. 
and was fixed to 1 in the following. The sum of occupancies of Mg13 and Al14 was constrained to 1, since the total of the unconstrained refined occupancy parameters was 1.01. In good agreement with the refined values, the occupancies of Al7, Al14, Al21 and Mg13 were all fixed to 0.5 (deviation from refined occupancies <2 e.s.d.). After each step of the structure manipulation the change of R-values was monitored and only small variations could be observed. Altogether, the R1-values increased moderately from 0.038 to 0.041, although the number of free parameters was reduced significantly from 129 to 110. It was also tried to eliminate Al10, because of its small site occupancy factor, SOF % 0.16, and its strongly anisotropic ADPs. In this case, however, the R1 value increased from 0.041 to 0.052 and therefore Al10 was kept in the structure. Further, it was tested whether the closely neighbored atoms Mg13 and Al14 (d % 0.6 A) could also be merged to one atomic position, but R1 obs increased from 0.041 to 0.051 and consequently this variant was also rejected. The final results of the refinement are shown in Tables 4-4 Table 4 -3. Crystal data and structure refinement parameters for bMg 38.5 Al 61.5 (FZJ-1). Fig. 2-3 ). 
Data collection
A spherical single crystal of Mg 38.5 Al 61.5 (FZJ-1) with 400 mm diameter was mounted on a glass fiber for XRD studies on an Xcalibur3 (Oxford Diffraction) system. First data was collected at room temperature and then at À173 C (Table 4 -5). These data indicated cubic symmetry, with lattice parameters, a ¼ 28.1544(2) A, close to the value a ¼ 28.239(1) A found by Samson (1965) . However, even though the data statistics were good it was impossible to get a good ordered model for the structure. Moreover comparing the room temperature data with the ones measured at À173 C showed no decrease in diffuse scattering. This indicates static disorder and perhaps internal stress in the crystal. Also the d-glide is questionable as indicated by the reflections shown in Fig. 4-5a . To try and overcome these problems, the crystal was subjected to repeated heating and cooling between room temperature and 180 C for 5 h 45 min on the diffractometer using a stream of hot nitrogen gas. Over the course of the heat treatment, single diffraction images were taken to monitor changes in the diffuse scattering and d-glide violation intensities. Two such diffraction images, one before and one after this annealing treatment, are shown in Figs. 4-6a and 4-6b, respectively.
The effects of heating are clearly seen in both Figs. 4-5 and 4-6; with diffuse scattering decreasing, weak reflections getting stronger, and reflections not seen in the as cast sample appearing in the annealed one. To make the transformation complete, the crystal was then heat-treated in an oven for 36 h at 180 C. Room temperature data was collected on the annealed crystal. An automatic cell search on this data set resulted in a metrically cubic unit cell, however evaluation of the internal R values for the four 3-fold axes of the cubic cell showed clearly that only one 3-fold axis is present, resulting in a rhombohedral unit cell, space group R3m (no. 160). The following picture then emerges: cooling from the high temperature phase produces a balanced twin of the rhombohedral structure, with a diffraction pattern showing apparent cubic symmetry. The high degree of diffuse scattering can then be partly attributed to strain at the boundaries between twin domains. Upon repeated heat treatments, migration of the domain boundaries occurs, with one domain becoming predominant.
Structure solution and refinement
The structure was solved in two different ways. In one approach, the model of Samson was taken as a starting point, and the symmetry was reduced to R3m. The symmetry lowering is expected to split the fully occupied cubic orbits into fully occupied rhombohedral orbits while the partially occupied orbits may order in the rhombohe- (4) À5 (4) À15 (6) Al9 88(10) 88(10) 37 (8) 9(4) 9(4) À2 (9) M11 59 (1) 59 (1) 69 (1) À4 (1) À4 (1) 24 (1) Mg13 63 (2) 63 (2) 68 (5) À4 (4) À4 (4) 16 (2) Al14 55 (2) 55 (2) 28 (3) 1 (2) 1 (2) 11(2) Mg15 46 (2) 47 (1) 47 (1) À3 (1) 0 0
Al16 37 (1) 37 (1) 37 (1) À4 (1) À4 (1) À4 (1) Mg17 43 (1) 43 (1) 43 (1) 0(1) 0(1) 0(1) Mg18 52 (1) 52 (1) 52 (1) À1 (1) À1 (1) À1 (1) M19 84(13) 84 (13) 66 (16) À7 (6) À7 (6) À42 (10) Al21 56 (2) 56 (2) 56 (2) 12 (2) 12 (2) 12(2) Al22 38 (1) 38 (1) 38 (1) À4 (1) À4 (1) À4 (1) Mg23 43 (2) 43 (2) 43 ( Tables 5-1 , 5-2) shows the orbits splitting under the group-subgroup relation Fd 3 3m , R3m. Returning to the cubic structure of Samson, we find that the positions A11 (192i), Al2 (96h), Al3, Mg4, Al5, Mg6 (96g), Mg15 (48f), Al16, Mg17, Mg18 (32e), Al22 (16c) and Mg23 (8b) are all fully occupied and will give only displacive contributions to the symmetry lowering. The split positions 11/12 (96g) and 13/14 (96g) and 19/20 (32e) have occupancies 75/25, 50/50 and 50/25 respectively. According to the symmetry analysis (see Tables 4-9 and 5-1 below), each 96g orbit splits into two 6c and four 3b orbits. If, in the symmetry lowering process, the fractional occupancies of the 96g orbits are resolved into full occupation of a subset of these 6c and 3b orbits, the following combinations of fully occupied orbits can be expected: For the split in the proportions 75/25, the ideal solution may be generated by two different splitting models 75/25 ¼ (6c þ 4 Á 3b)/(6c) and 75/25 ¼ (2 Á 6c þ 2 Á 3b)/(2 Á 3b). For the 96g pair with the 50/50 split, the models are 50/50 ¼ (6c þ 2 Á 3b)/(6c þ 2 Á 3b) and 50/50 ¼ (2 Á 6c)/(4 Á 3b). For the 32e position, the orbit splits into two 3b and two 1a orbits. This, however, cannot accommodate the prescribed ratio 50/25 for the 19/20 split as a combination of fully occupied orbits containing only one element each. The nearest allowable distributions are therefore 50/12.5 ¼ (3b þ 1a)/1a or 50/37.5 ¼ (3b þ 1a)/3b. The refined occupancies from Samson's solution, 44/45, indicate an additional possibility: 37.5/37.5 ¼ 3b/3b. The partially occupied sites 7-10 and 21 can be analyzed similarly. Positions 7-10 are all 96g with the orbit splitting 2 Á 6c þ 4 Á 3b. Their model occupancies are 50, 25, 17 and 8% respectively. A 50% occupancy may be generated by 6c þ 2 Á 3b, 2 Á 6b or 4 Á 3b. A 25% occupancy is similarly generated by 6c or by 2 Á 3b. For the two positions with very low occupancy the only viable choice is the occupation of a single 3b orbit, yielding an occupancy of 1 = 8 , slightly to low for the 17% occupancy of Al9, and to high for the 8% of Al10. For the position Al21 with 50% occupancy, a perfect fit is again available. The orbit splitting is 32e ) 2 Á 3b þ 2 Á 1a, and the expected occupancy is 3b þ 1a.
From this analysis it is clear that there is a small number of occupational symmetry breakings through orbit splitting that require no parameters to seed. The symmetry lowering from Mg is quite weak, and the contrast occupied/unoccupied is much preferable. Returning to the partially occupied positions, Al7, Al8 and Al21 all support several distinct modes of occupancy that correspond well to Samson's model, and they are therefore less suited as seeds. This leaves Al9 and Al10. These are both best modeled by the occupancy of a single 3b orbit, and as a starting point for the structural solution, a single 3b orbit corresponding to the Al10 position was chosen.
The model was then allowed to relax using the software package JANA2000 (Petricek et al., 2000) . el were allowed full positional freedom. Simultaneously, all orbits containing atoms with partial occupancy were allowed occupational refinement. The result was a rapid convergence to occupancies close to zero or unity, and a dramatic decrease of the R-value for the refinement. The speciation of atoms (Al/Mg) was done on the basis of inter-atomic distances, and positions for which this procedure yielded conflicting results were labeled M. The concordance between this model and that of Samson (1965) is very good indeed.
In the second approach, the structure was solved by direct methods (SHELXS97) and the model was refined until all positions were located from difference electron density maps. It was clear that direct methods was unable to solve the low symmetry structure, and the starting model, as well as the early stages of refinement, displayed the full cubic pseudo symmetry. The low symmetry solution did not appear until a large number of weak "ghost atoms" had been added to the solution, and symmetry breaking was introduced amongst these. From the point of view of phasing, it appears probable that the two methods are equivalent, and this displays the weakness in the ability of direct methods to capitalize on small deviations from pseudo-symmetry. The speciation in this model was 272 M. Feuerbacher, C. Thomas, J. P. A. Makongo et al. performed on the basis of the size of the isotropic displacement parameters. The result was encouragingly similar to that of the method based on inter-atomic distances. The models hence yielded the same result, and the final refinement was performed on a model containing 80 unique, fully occupied orbits with 879 atoms in total, all treated anisotropically (Table 4- 6, [4] [5] [6] [7] [4] [5] [6] [7] [8] .
The model is twinned according to the four possible 3-fold directions in the cubic cell. The crystal contains one major twin component ($85%) and three minor ones ($5% each). No extinction effects were observed.
Results -comparison with Samson's cubic model
In agreement with the model proposed by Samson (1965) , the structure contains a cluster arrangement. The clusters are packed in a diamond network, and in-between the clusters is a framework of face sharing Friauf polyhedra, as illustrated in Fig. 4-7 . This arrangement is cubic, and identical to Samson's model as illustrated in Fig. 4-8 . The symmetry lowering can thus only result from the atomic arrangement within the clusters. (3) (4) 234(6) 75 (4) À0 (2) 0 (2) Mg11b 301 (5) 258 (4) 225 (4) 171 (4) À6 (4) 1 (3) Mg11c 191(4) 217 (6) 248 (6) 108 (3) 3(2) 6(5) Mg11d 232 (4) 208(4) 230(4) 112 ( In contrast to the disordered cubic model, two types of clusters have been found ordering perfectly. The different shells of these clusters are displayed in Fig. 4-9 .
The correlation between the rhombohedral model and the disordered model of Samson is remarkable (Table 4-9). All elemental assignments are the same with the exceptions of those atoms that cannot unambiguously be assigned Mg or Al solely from consideration of atomic radii, and Mg19 that has become Al19a and M19b. Further, the sum of the occupancies of the orbits in the cubic model is a very close match to those of the rhombohedral model: The fully occupied orbits of positions 1-6, 15-18 and 22-23 In Samson's model the cluster center sits on a site with symmetry 4 43m but in the rhombohedral model the point symmetry is reduced to 3m. The symmetry lowering is easiest to see in the first and third shell. The third shell of the Mg centered cluster contains three triangles and one three-point star whereas the third shell of the other cluster contains one triangle and three three-point stars. The remaining atoms of these shells are identical and correspond to the point-symmetry 4 43m.
The first shell of the Mg centered cluster has point symmetry 4 43m and the atomic arrangement shown in Fig. 4-10a . The second cluster center has point symmetry 3m and the arrangement shown in Fig. 4-10b . The ambiguous bond distances of the M orbits (too short for Mg, but too long for Al, see Section 4.4.2) can be understood from geometrical considerations (Fig. 4-11) . If we assume that the Al atoms of the cluster centers of Fig. 4 -10 are packed as closely as possible, then the remaining positions are left with frustrated bond distances: too long for an Al atom, but too short for Mg (see Fig. 4-11) . The current structural models for these phases show little indication (so far) of the complex disorder characteristic of b-Mg 2 Al 3 structure. This ordered nature has allowed for picturesque structural descriptions of NaCd 2 and Cu 3 Cd 4 based on breaking up simpler structures into small fragments, and fusing these fragments back together in new arrangements. The NaCd 2 structure can be constructed from two differently sized blocks of the MgCu 2 structure (Yang et al., 1987; Fredrickson et al., 2006) , while the Cu 3 Cd 4 structure contains, in addition to blocks of the MgCu 2 structure, small fragments of the pyrochlore structure (Andersson, 1981) . The cubic symmetry of these structures is reflected in the point symmetries of their building blocks: in all cases, they are of tetrahedral symmetry.
In the rhombohedral b 0 -Mg 2 Al 3 structure, similar fragments of simpler structures, particularly the MgCu 2 structure, also arise. The symmetry reduction from cubic to rhombohedral can be traced to changes within these building blocks: a hypothetical process of anisotropic expansion and contraction of the MgCu 2 fragments has occurred leading to a point symmetry change from tetrahedral to trigonal. Further investigations are underway at KTH into the comparative structural chemistry within the Samson family of compounds, focusing on this cluster growth and contraction model for the b À b 0 transition in Mg 2 Al 3 , and on hints that an analogous phase transition occurs in the NaCd 2 system.
Quantum-mechanical modeling
In order to assess the LT stability of the b-phase and to refine the Al/Mg ordering, ab-initio calculations of total energies were carried out for the known as well as for some hypothetical Al--Mg structures, including the b 0 -phase. The electronic density-functional theory and the plane-wave based program VASP (Kresse, Hafner, 1993; Kresse, Furthmüller, 1996) were used. PAW potentials (Kresse, Joubert, 1999) were employed in the generalized gradient approximation, and for a fixed cutoff energy of 240.4 eV. Both atomic positions and cell parameters were relaxed, and the energy was converged with respect to reciprocal space mesh density. The b 0 -phase was treated in
The Samson phase, b-Mg 2 Al 3 , revisited a: Calculated for the cubic unit cell, i.e. four times the number of atoms in the rhombohedral cell, which is one third of the number of atoms in the hexagonal cell. the rhombohedral setting with 293 atoms, using a reciprocal space mesh with four points inside the Brillouin zone. Energy diagram of the Al--Mg system at absolute zero. Prior to describing the procedure of optimizing chemical ordering in the b 0 -phase, the overall agreement is discussed of the ab-initio total energy calculations with the experimentally established phase diagram. Stable phases are predicted by constructing the convex hull of energy/ composition diagram. According to our calculation, and in agreement with the known experimental data, there are only two stable binary phases: the b 0 -phase and g-Mg 17 Al 12 (cI58). From the calculations, a narrow stability field between 38.23 and 39.25 at% Mg results for the b 0 -phase has (in § 2.3 of this work, the stability range is estimated to 38-40 at% Mg).
The metastable phase MgAl 2 (tI24) (Ga 2 Hf prototype) (Suryanarayana et al., 1978) lies above the tieline defined by the energies of fcc Al and the b 0 -phase by 25 meV/ atom. The hypothetical MgZn 2 (hP12) structure with substitution of Zn by Al is unstable by 3 meV/atom. Two hypothetical Frank-Kasper quasicrystal approximants, Mg 4 Zn 7 (mC110) (pseudo-decagonal, competes with a mixture of fcc Al plus b 0 ) and a-Al--Mg--Zn (pseudo-icosahedral, competes with a mixture of b 0 plus g) are unstable by 5 and 6 meV/atom, respectively. Finally, Mg 23 Al 30 (hR53), experimentally stable at T > 400 C, turned out to be unstable against the b 0 -to-g tieline by a marginal amount (0.5 meV/atom). Such a tiny energy difference is smaller than the error bars of calculated energies (about 1 meV/atom). Thus, the agreement of our calculated energy diagram and the known phase diagram is excellent.
b 0 chemical refinement procedure. While for a majority of diffraction-data refined sites chemical identity clearly emerges from the approximate atomic size considerations (Mg "large" atom, Al "small" atom), such a straightforward distinction fails for certain sites. Even if the set of these uncertain sites was small, the task to compute abinitio total energies for each plausible chemical variation would be overwhelming, especially if correlations between site occupancies could not be neglected. Instead, we have proceeded as follows:
(i) VASP ab-initio data (forces and energies) have been collected from molecular-dynamics runs at few compositions, along with the data from T ¼ 0 relaxations of the experimentally known phases; (ii) pair potentials have been successfully fitted to these data, using an analytical oscillating form. With data in the composition range x Mg ¼ 0.333 À 0.43, 6402 force data points were fitted (3 force components on each atom in every sample) with RMS deviation of 0.085 eV/A and 35 energy differences with RMS deviation of 0.68 meV/ atom. The potentials are shown in Fig. 4 -12. (iii) for a range of compositions, slow cooling Monte Carlo runs have been performed, using fixed diffraction data refined atomic positions, and swapping randomly chosen pairs of atoms with different chemistries. Energy-minimizing solutions were then selected for final VASP calculation. Al/Mg order in the b 0 -phase. The primary result of the modeling procedure is that all sites designated as Al or Mg in § 4.4 are indeed Al or Mg respectively. Second, a particular chemical ordering on the remaining "mixed" sites M was found, as summarized in Table 4 -10. In order to further verify that the procedure used indeed leads to the optimal version of chemical ordering, additional ab-initio total energy calculations were performed, altering the chemistry for each site in Table 4 -10 independently: whenever the optimal site occupation was Al, Al was substituted by Mg and vice versa (with the exception of the site M10a, as it can have either Al or Mg). The obtained energy differences DE relative to the tielines of the energy diagram are listed in Table 4 -10. The positive signs of all energy differences confirms the previous conclusion about the optimal structure. Four additional sites (besides the aforementioned M10a), M13c, M6f, M19b and M18c, are likely to be chemically disordered at finite temperature below the melting point.
Note, that there are only two cases, when a site "inherited" from the b-phase, receives alternative chemical species: this is Mg on M7c, formerly Al7 in the b-phase, and Al19a þ M19b, which are inherited from the Mg19 orbit in b. Finally, the mean atomic displacement for the ab-initio relaxed model is about 0.02 A (maximal 0.13 A), again illustrating the excellent agreement of the calculation with the positions obtained from the structure refinement based on diffraction data. The crystal structure of the b-phase may be interpreted as a structure with random distribution of the two different clusters of the low-temperatuer phase. Assuming a weighted distribution according to their frequency and using the results of 
Symmetry analysis of the relationship
between the b-and the b 0 -phase A superstructure as the ordering of some "property" of the initial crystal structure may result from a phase transition under the action of temperature, pressure or a magnetic field. Any property of the crystal localized on atomic sites may be described by a Wannier function S defined on some set of equivalent positions. It may be a scalar-type function, a polar or axial vector-type function, or a tensortype function -describing, e.g., a change of the site occupancy factor, displacements of atoms from equilibrium positions, ordering of magnetic moments and ordering of the quadrupole momentum correspondingly. The representation of this function in the usual frame of coordinates related to the crystallographic system takes advantage of translation symmetry only. The other symmetry relations are lost in this description and as a consequence the description of many crystal properties is not as simple as it can be. In phase transitions preserving the group-subgroup relation between the symmetry of initial and final phases, the symmetry-analysis method based on the theory of space group representation (Bertaut, 1968; Izyumov, 1990 ) may be used. It represents a model structure in the frame of basic vectors of irreducible representations (IR) of the initial symmetry group (BV) Y k l ;n l . This is the best matching to the symmetry and provides the simplest (i.e. requiring the lowest number of independent parameters) form of the structure description (Eq. 5.1) of the linear combination of basis functions should be obtained from a refinement procedure. The number of these unknown coefficients depends only on the number of IRs taken into the model and their respective dimensions. After such an operation, the final model contains a clearly defined minimal number of free parameters and presents strictly defined relations between the properties considered on different structure sites. The choice of representation t n and the coefficients c k l ;n l uniquely determine one of the possible models of the structure, which may result from the phase transition and, independently from the kind of the property taken into account, the symmetry of the structure. The type of property under consideration is included in the form of basic vectors. From symmetry analysis one may get the information that one type of phase transition may be accompanied by another. For instance, a structural phase transition of the order-disorder type may be accompanied by displacements of atom positions, if both belong to the same irreducible representation.
In this work the symmetry analysis was made for predicting the possible structure types that result from small deviations of Samson's structure model (Samson, 1965) for a transition to space group R3m. It concerns the ordering the Mg and Al atoms previously distributed statistically over the 8b, 16c, 32e, 48f, 96g, 96h and 192i sets of equivalent positions of the space group Fd 3 3m as well as possible accompanying displacements of the corresponding sites. Because the SOF is a scalar quantity, it should be invariant under the action of elements of the symmetry group. It means that at all positions belonging to given R3m orbit the SOFs should remain the same. The displacement vector D is polar and displacements at different sites of a given orbit should be related by the corresponding transformation rules. The results of the symmetry analysis for positions 8b, 16c, 32e and 48f are presented in the Table 5-1. Table 5 -2 lists the changes of SOFs for positions 96g, 96h and 192i. In Table 5 -1, the sites in corresponding orbits as well as the displacements are given in the rhombohedral setting (R). For each orbit one representative site -the same, which is listed in Table 4-6 -is given also in the hexagonal setting (H). The small differences between atomic coordinates given in Tables 4-6 and 5-1, 5-2 are to small atomic displacements.
According to the structure refinement of the b 0 -phase (see Tables 4-7 and 4-9), the in the cubic phase half-occupied site Al21 splits into the two fully occupied positions Al21a and Al21b. From the symmetry analysis two more sites result (marked by * in Table 5 This disagreement means, that the rebuilding of the structure during the phase transition is more complicated than the semi continuous orderdisorder type assumed for the symmetry analysis.
The same is true for the Al7 sit of the cubic phase (Table 5 -2). Version 2 suggests fully occupied Al7a, Al7b and * (rhombohedral 3b, (0.647, 0.919, 0.647)). All other positions (also M7c) should be empty. The second possibility following from version 1 gives Al7a and the second 6c site (0.919, 0.7787, 0.603) with SOF ¼ 0.5, as in the cubic phase, M7c and Al7b fully occupied and the remaining 3b site empty (so they can be absent in the Table 4-7) .
It should be mentioned that for the presentation of the symmetry analysis only representatives of each cubic orbit are chosen, because from a symmetry point of view the exact numbers are not important. In the Table 5-2 the positions with SOF in the cubic phase different from 1 (if such one exists) are chosen. ðe; e; eÞ ð e 0 ; e 0 ; e 0 Þ À 6. Diffuse scattering and local ordering 6.1 Local structure from the atomic pair-distribution function (PDF)
The reduced atomic-pair distribution function, PDF, or G(r) (Eq. (6.1)), contains information on the local structure regardless of translational or average long-range features (Egami & Billinge, 2003) . It gives the probability of finding pairs of atoms separated by distance r, and thereby comprises peaks corresponding to all discrete interatomic distances (i.e. the maxima of electron or nuclear density q(r)) in a solid:
GðrÞ ¼ 4pr½rðrÞ À r 0 : ð6:1Þ G(r) (Eq. 6.2) is referenced with respect to the average density q. The experimental PDF is a direct (sine) Fourier transform of the total scattering structure function S(Q),
Q½SðQÞ À 1 sin ðQrÞ dQ ð6:2Þ
where Q ¼ jQj ¼ 4p sin ðqÞ=l is the magnitude of the scattering vector Q. To obtain S(Q), powder diffraction data I(Q) have to be corrected carefully for instrumental background and normalized to an average scattering factor hbi(Q). Unlike conventional crystallographic techniques, such as the Rietveld technique, PDF analysis incorporates both Bragg and diffuse scattering intensities resulting in local structural information. Its high real-space resolution is ensured by measurement of scattering intensities over an extended Q range up to Q max ! 30 A À1 using short wavelength X-rays or neutrons. Since G(r) can be generated from atomic local structure models (Eq. (6.3); b i : scattering factor or length of atom i, b: average scattering factor, r ij : distance between atoms i and j), these models can be refined by least squares techniques minimizing a residual R (Eq. (6.4); PDFFIT: Proffen & Billinge, 1999) .
ð6:4Þ
The details of the PDF method, data acquisition and processing techniques and a number of examples are given in the monograph of Egami & Billinge (2003) . The purpose of this contribution is to complement the structural investigations from conventional crystallographic approaches on the b-and b 0 -phase by focusing on the local structure. In the case of b-Mg 2 Al 3 , we deal with a cubic cell parameter of a % 28 A and a unit cell content of 1168 atoms (Model I: cF1832-664, Fd 3 3m; Samson, 1965) where only 12 of 23 atomic orbits are fully occupied. In case of b 0 -Mg 2 Al 3 , we have Model II: hR293, R3m, a(hR) % a(cF)/ ffiffi ffi 2 p (primitive rhombohedral setting, a ¼ 60 ). All 293 atomic positions are fully occupied in Model II.
Because of the huge unit cell dimensions, the local disorder in b-Mg 2 Al 3 has to be modeled within the boundaries of the unit cell. This is a new situation for the application of the PDF method, which we here systematically evaluate for the first time. Questions to answer using PDF data are À can we distinguish Model I from Model II? À how can we treat disorder in a CMA? À what is the nature of the intrinsic disorder?
The sample used was FZJ-2. Prior to XRPD at ID31 (ESRF, Grenoble), the sample was cooled in liquid nitrogen and powdered at À193 C in an agate mortar to avoid mechanical deformation. The powder was placed in a glass capillary of 0.8 mm diameter and continuous 2q scans were performed in %1 h from 2q ¼ 0 to 120 at ambient temperature. The wavelength selected was l ¼ 0.35077(1) A. Eight scans were averaged with bin size 0.003 in 2q. The highest usable diffraction angle of 2q ¼ 112 corresponds to Q max ¼ 29.7 A À1 . Two scans of an empty capillary were averaged and smoothed to obtain the instrumental background. To extract the total scattering, the smoothed background was subtracted. The reduced structure function F(Q) ¼ Q[S(Q) À 1] and the atomic pair distribution function (PDF) G(r) were obtained using the program PDFgetX2 (Qiu et al., 2004) . Choosing different Q max for the Fourier transform, it turns out that Q max ¼ 18 A À1 yields the best compromise between PDF resolution and the absence of truncation effects.
The neutron powder diffraction experiment was conducted at the NPDF instrument (Proffen et al. 2002) at Los Alamos National Laboratory, M. Lujan Neutron Scattering Center LANSCE-12, Los Alamos, USA. Approximately 5g of b-Mg 2 Al 3 were sealed in a vanadium sample container. Data were collected at room temperature for a total measuring time of 7 hours. The data were corrected for the incident spectrum, absorption and multiple scattering to obtain the PDF using the program PDFgetN (Peterson et al., 2000) . Fig. 6-1 displays FðQÞ, an optimal GðrÞ was obtained for Q max ¼ 25 A
À1
. In the neutron data FðQÞ, we observe clear oscillations at high Q, which are not resolved in the X-ray case. This reflects the superiority of the neutron data compared to the X-ray data. But the main point is, these oscillations are another proof for the presence of intrinsic disorder (Egami and Billinge, 2003) in b-Mg 2 Al 3 .
Local least-squares refinements
To handle the structure data more comfortably during the least squares refinements using PDFFIT (Proffen & Billinge, 1999) , the face centered cubic Model I was transformed to its primitive rhombohedral setting, the symmetry constraints of Fd 3 3m strictly being retained. In this setting (a % 19.8 A, a ¼ 60 ) we deal with 426 atoms, 216 of which are partially occupied yielding a unit cell content of 1168/4 ¼ 292 atoms. This compares to 293 well ordered atoms in Model II of roughly the same metric.
In a first step, both models were tested using the range 2 A < r < 27 A of the X-ray and neutron PDFs. (All following refinements were carried out on the neutron data since there is a superior scattering contrast (b(Mg)/b(Al) ¼ 5.375 fm/ 3.449 fm ¼ 1.56) compared to the X-ray case (Z(Mg)/Z(Al) ¼ 12/13 ¼ 0.92) which allows a significant refinement of occupancy factors). Keep in mind that 27 A is slightly less than the lattice parameter of the cubic unit cell. The variables allowed to refine were the scale factor, a correlated motion factor accounting for the PDF peak widths, the lattice parameter and an overall temperature factor for all atoms. Table 6-1 and Fig. 6-2 display the results. Judging on the R-values and difference curves in this medium range r < 27 A, the ordered Model II describes slightly better the real local situation, whereas for larger r-ranges (27 A < r < 57 A) Model I is superior to Model II. Note that from it is visible that the first neutron PDF peaks (r < 7 A) are not as well refined as the rest.
To get more detailed insight, we subsequently choose to probe (i) spheres of increasing diameter with an incremental step width of Dr ¼ þ3 A from 2 A < r < 7 A to 2 A < r < 28 A. The results are contained in Table 6 -2. In Fig. 6 -3 the lattice parameter (cubic setting cF) is plotted versus the maximum radius r max of the refined spheres. Interestingly, it starts as low as a ¼ 27.8 A and converges slowly to the value a ¼ 28.2429 (8) fraction data (single profile method as given in Section 2.2). Alternatively, (ii) shells of thickness (r max -r min ) ¼ 5 A, running from 2 A < r < 7 A to 23 A < r < 28 A (Table 6 -3) were submitted to the refinements. Finally, the occupancies in Model I were allowed to refine (¼ Model I 0 ) -the effect on the agreement factor is visible in Table 6 -3.
From the refinements, one can learn that the local structure is better described using Model II. But the situation changes if the occupancies in Model I are allowed to refine (Model I 0 ; see Table 6 -3). Figure 6 -4 compares the alternative refinements of Model I 0 vs. Model II for 2 A < r < 7 A containing the first three PDF peaks. Now Samson's picture gains special interest: It describes the local situation best where most of the occupancies obtain values of 0 or 1 for low r, see Fig. 6 -5. Al8, Al9, Al10 do vanish for r < 7 A, Al7, Al12, Al13, Al14, Al21 and Mg11 approach full occupancy (atom coding identical to Samson, 1965) . Mg15 vanishes for 5 A < r < 10 A. Another reasonable effect, which we can learn from Fig. 6 -5, is that for the medium and long range (r > 13 A) the occupancies converge to the values found by Samson (1965) .
Interpretation of the results
Several approaches were made to probe the local structure of b-Mg 2 Al 3 via the PDF method. R factors of the refinements depend not only on the model but also on the refined r-range. Refinement areas of spheres or shells smaller than the dimensions of the unit cell lower the value of lattice parameter. This may indicate an own character of the local building units independent from their long-range packing or interconnection. Both Model I and II are very close to the local situation within a range for r < a(cF).
For r < 13 A, the most distinct deviations from the long-range structure are found. b-Al 3 Mg 2 contains the clusters found in Model II in a disordered way. It turns out that Samson's (1965) model (Model I) is preferred once we allow the occupancies to refine. The disorder in Model I is concentrated in a cluster around Mg23 (Fig. 6-6 ). Locally, atoms Al8, Al9 and Al10 vanish in the first coordination sphere around Mg23 leading to Model I 0 . A possible interpretation is that now two sorts of clusters are present: In the first coordination either a Frank-Kasper CN 16 polyhedron (Fig. 6-6c ) or a ccp-Al 16-atom fragment (Fig. 6-6e) . The latter may or may not be filled by Mg23. In the second coordination, either three Mg11 and one Al21 take part ("star", Fig. 6-6d a triangular face (Fig. 6-6f) . These are the cluster types found in Model II in an ordered way. Interestingly, similarly disordered clusters also exist in the structure of Mg 6 Pd where they directly correlate to its phase width (Makongo et al., 2006) . In summary, one can conclude that both Mg 2 Al 3 phases are constituted from basically the same structural units. Differences occur around Mg23 in Samson's (1965) disordered (Model I). Model II, for the first time found in this study, represents the ordered case. Both models apply for the local description of the atomic structure of the bphase within the boundaries of its cubic unit cell (r < 28 A). For the long range of r > 28 A, however, Samson's model (Model I) is superior to the ordered variant, this is consistent with Rietveld refinement results and phase diagram investigations given in this paper.
Diffuse scattering
The experiment has been carried out on the CRG beam line D2AM of the ESRF facility using an as-grown single crystal Mg 38.5 Al 61.5 (FZJ-1). The incoming beam was monochromatized by a double Si(111) single crystal with an energy of 10 keV. The double mirror setting of the beam lines suppresses higher harmonics (better than 10 À11 ). The beam size was about 0.1 Â 0.3 mm 2 at the sample position with a flux of about 10 11 ph/s. The sample was cut with a 2-fold axis vertical (5 Â 5 Â 1 mm 3 ), and polished down to 1 micron. The sample was fixed on a Mo plate, which was heated under secondary vacuum with temperature stability better than 0.03
. We worked in reflection geometry on the 2-fold face.
Most of the scans where performed with a point detector in order to minimize the background, and to reach a high dynamical range close to Bragg reflections (10 orders of magnitude). In the following the indexing has been done with respect to the high temperature cubic phase. The crystal had a relatively good mosaic spread (0.02 ). However a significant amount of diffuse scattering is located beneath the Bragg reflections mainly. In Fig. 6-7 the reciprocal space is shown around the 12 0 0 Bragg peak. Streaking along [110] is visible.
A temperature study (up to 410 C) of a few areas in reciprocal space has been performed. In this study, the following points have been noticed: there is a 'ring' of diffuse scattering in the HT phase ; there are supplementary reflections in the LT phase, which are characteristic. Diffuse scattering maps have been recorded only at few temperatures around the 12 0 0 and 8 8 0 Bragg peaks.
Systematic scans were also recorded to track the transition by following the 10 0 0 reflection, which should be absent in the HT phase. The evolution of the 'ring' of diffuse scattering was also followed by systematic h scans around the 10 3 0 Bragg peak. The sample was heated slowly up to 410 C. Above 250 C, the diffuse scattering located beneath the Bragg had completely vanished. It is spread as a broad diffuse intensity. Fig. 6-8 shows the evolution of the diffuse scattering between 410 C and 150 C. Measurements at 150 C where carried out after a slow cooling from 410 C. As can be seen the diffuse scattering is 'spread' and form broad maxima at 410 C, whereas it is 'concentrated' close to Bragg peaks at 150 C. Streaks along [110] directions are also visible at 150 C. Although the phase transition could not be tracked by a study of one of the supplementary reflection, the evolution Intensity distribution of the diffuse scattering measured in the (hk0) plane for the as cast sample. The intensity scale is logarithmic and is also the same for the maps shown in Fig. 6-8. of the diffuse scattering close to the 12 0 0 Bragg reflection was observed. The kinetics of this transition is slow when cooling the sample. This is not surprising since this diffuse scattering is most likely due to planar defects that need to set up. Two sets of experiments were carried out. First heating in rather large T steps, and then cooling down. In the cooling experiment a waiting time of 1 h was set up before each measurement. Results are summarized Fig. 6-9 .
Heating: At 150 C the Bragg peak itself was strongly distorted (FWHM ¼ 0.2 instead of 0.02 ), as a result of a strain. There is also a broad diffuse intensity which vanishes at 225 C. Notice that the maximum of the Bragg peak seems to increase: this is because the FWHM decreases at 225 C (the integrated intensity remains constant).
Cooling: First, it was observed that the kinetics is very slow: after 1 hour at the set temperature there was still a slow evolution. Enough data are not present to check for a Mehl-Avrami type variation of the intensity as a function of time. The diffuse scattering displays a kind of maximum for L ¼ 0.02 rlu, which correspond to a distance of about 140 nm in real space. This maximum might be related to the average interspacing between planar defects, but a further modeling is necessary to confirm this.
Figure 6-10 also shows the evolution of the 'ring' of diffuse scattering as the temperature is lowered. As already visible in the 2-D maps, the intensity of the maximum diminishes by almost a factor 2. However it has not completely disappeared.
Measurements were also made on a rotating anode equipped with a point detector. After checking for a crystal position for which multiple scattering is minimum, the integrated intensity of several reflections along the twofold axis were measured. The sample was cooled down at a rate of 2 C/hour from 230 C down to 140 C and then heated up at the same rate up to 230 C. Although the kinetics is very slow (several hours around 160 C) the low heating rate should keep the sample in or near equilibrium.
Whereas the reflections 8 0 0 and 12 0 0 have their integrated intensity T independent, the 10 0 0 reflection shows a pronounced integrated intensity variation as shown on the Fig. 6-11 . There is a clear hysteresis of about 30 C. The intensity evolution is exactly the same as the variation in the diffuse scattering close to the 12 0 0 and visible in the tails of the reflection, which were also measured. The evolution of the supplementary reflection and the diffuse scattering are thus strongly correlated. This evolution is perfectly reversible, although the obtained integrated intensity is not always similar (variation of the order 20%).
The phase transition occurs around 180 C (cooling) and 220 C (heating). Together with the symmetry change there is a large amount of planar defects, which sets in the sample. The strain can be such that the long-range order is 284 M. Feuerbacher, C. Thomas, J. P. A. Makongo et al. C, respectively. Note that the intensity is given on a logarithmic scale (arbitrary units). destroyed (Bragg peak broadening) in the low temperature phase. This pilling up of defects has a slow kinetics, especially when cooling down. This explains the hysteresis observed between cooling and heating. The interplay between these defects and the change from cubic to rhombohedral symmetry is certainly a key feature to understand the mechanism of the phase transition. The results are rather in agreement with a transition driven by atomic diffusion. A displacive type transition seems to be very unlikely. The high temperature diffuse scattering is very unusual, with a characteristic 'ring' or most likely a spherical shell in reciprocal space. Its shape resembles a 'liquid' like structure factor, with a maximum at around 2.2 A. This might be related to a high mobility of some Al atoms that would run on a kind of 'soft' sublattice of 'split' positions. However, it is not possible to say whether the observed diffuse scattering is static or dynamic from the present experiment.
Thermal expansion and elasticity
The physical properties reported here are referred to a Cartesian reference system {e i }. The axes e i are related to the crystallographic axes a i of the unit cell of the cubic hightemperature b-phase according to e i jj a i (a 1 ¼ a, a 2 ¼ b, a 3 ¼ c).
Two rectangular parallelepipeds (sample FZJ-1a and -1b) with edges parallel to e i and edge lengths between 4.9 mm and 5.6 mm were cut from large as-grown single crystals (sample FZJ-1) using the spark erosion technique and polished on diamond discs (mesh 1200). Orientation was controlled by Laue-and Bragg-diffraction techniques. Deviations from ideal orientation are less than 0.6 and opposite faces are parallel to within AE3 mm. A measure for the quality of a sample with respect to geometrical errors is provided by the difference between the density r b obtained by the buoyancy method in pure water at room temperature and the geometric density r g ¼ M/l 1 l 2 l 3 calculated from sample mass M and dimensions l i . For both samples the geometric densities (Table 7 -1) agree with r b ¼ 2.233(2) g cm À3 within 0.5%. The influence of possibly existing micropores in the sample has not been taken into account.
Thermal expansion
The coefficient of thermal expansion was studied in the range À160 to 400 C employing a commercial inductive gauge dilatometer (DIL402C from Netzsch, Selb, Germany). First, the dilatometer was calibrated with different standard samples made of fused silica (from Netzsch). Then, the expansion of the samples was measured using heating/cooling rates of 1 C/min with He as purge gas at a flow rate of about 2 l/h. In order to derive the linear coefficient of thermal expansion at room temperature (Table 7 -1), the observed strains (examples are shown in Fig. 7-1 ) below the transition temperature were approximated by third order polynomials. For comparison, the value obtained from X-ray diffraction (Fig. 2-3 ) is 23.4 Â 10 À6 C
À1
, that for Al 23.1 Â 10 À6 C À1 and for Mg 24.8 Â 10 À6 C À1 (Lide, 2001) . A part of the ultrasonic resonance spectrum (see next paragraph) of each sample was recorded before and after the thermal expansion experiments to detect irreversible processes in the bulk material. No significant changes either in the frequency or in the quality factor of the mechanical resonances were observed. 
Elastic constants
The elastic properties of samples FZJ-1a and -1b were studied between room temperature and 300 C using resonant ultrasound spectroscopy (e.g. Migliori, Sarrao, 1997) .
Resonance spectra of the freely vibrating samples were recorded in the frequency range from 200 kHz to 1 MHz. At room temperature the elastic constants of each sample were obtained by non-linear least-squares procedures minimizing the quantity (Eq. 7.1) for n circular eigen-frequencies w i by adjusting the values of the elastic constants c ij . w i are individual weights related to experimental errors. The eigen-modes of a sample correspond to stationary solutions of its Lagrangian and can be calculated by solving a general eigen-value problem. The rank of which depends on the number of basis functions used. To minimize truncation effects we employed 6900 normalized Legendre polynomials for the development of the displacement vector. The initial values of the elastic constants were obtained by sampling the parameter space. Measurements at non-ambient temperatures were carried out in air on one sample using a high-temperature RUS-device built in-house and equipped with a commercial furnace type 6.219.1-20 from Netzsch. Details will be presented elsewhere. After correction of sample dimensions and density for thermal expansion effects, the elastic constants at each temperature were successively refined using the final c ij obtained at the previous temperature step as starting model. Fig. 7-3 . Temperature evolution of frequency and inverse quality factor of selected eigen-mode of sample FZJ-1b. Above about 150 C strong ultrasound attenuation was observed. In order to study the dissipation effects, the inverse quality factors Q À1 of selected modes were derived by fitting appropriate Lorentzian-type functions (Schreuer, Thybaut, 2005) to their resonance profiles.
Results and discussion
The elastic behavior of Mg 38.5 Al 61.5 at room temperature is pseudo-cubic within experimental error. Attempts to approximate the observed eigen-frequencies with a rhombohedral model were not successful due to strong correlations between the independent elastic constants. On the other hand the deviation from elastic isotropy, as expressed by the quantity d ¼ j1 À 2c 44 =ðc 11 À c 12 Þj, is significant ðd ¼ 0:11Þ. In an isotropic medium c 44 ¼ ðc 11 À c 12 Þ=2 holds, yielding d ¼ 0. Maxima of the longitudinal elastic stiffness c 0 ðuÞ ¼ u i u j u k u l c ijkl (u i are direction cosines) are observed along h111i directions whereas minima occur along h100i, with the ratio c 0 (h111i)/c 0 (h100i) ¼ 1.033. The elastic properties of our samples at room temperature remain nearly unchanged after high-temperature experiments crossing the b 0 $ b transition. Therefore, we conclude that the elastic anisotropy of the rhombohedral b 0 -phase shows only small deviations from cubic symmetry and/or the samples consist of small domains with approximately equal population of the different orientation states (cf. Section 3).
Young's modulus calculated from the isotropic elastic constants obtained by the Voigt-Reuss-Hill method (Table 7 -2) is in reasonable agreement with the values of 50.6 GPa and 47 GPa reported in literature for Mg 5 Al 8 (Zogg, Török, Hausch, Warlimont, 1979) . Moreover, the elastic properties of Mg 38.5 Al 61.5 fit well to the mechanical behavior of Al, Mg and other Al-Mg alloys (Table 7-2) . From Al to Mg the mean elastic stiffness C ¼ (c 11 þ c 22 þ c 33 þ c 12 þ c 13 þ c 23 þ c 44 þ c 55 þ c 66 )/9 softens with increasing Mg content by up to 55%. In the same sequence the deviations from Cauchy relations decrease more than proportional indicating a higher importance of directional bonding contributions in hcp Mg compared to ccp Al.
In accordance with the observations made by Timm and Warlimont (1980) the b 0 $ b transition is clearly evident from a relatively sharp peak-like anomaly of the thermal expansion coefficient which occurs at 218 C on heating and at 145 C on cooling ( Fig. 7-1) . The large hysteresis of about 73 C in combination with the latent heat of 1.3(1) J/g (Section 2.3) supports the idea of a first order phase transition. Below the transition the temperature dependence of the elastic stiffnesses is linear and shows no anomaly, which might hint on a structural instability ( Fig. 7-2) . The thermoelastic constants d log c ij / dT (Table 7 -1) resemble those of pure Al (Nelson, 1992) .
Unfortunately, we were not able to derive reliable temperature coefficients of the c ij in the stability region of the b-phase. Starting at about 150 C strong ultrasound attenuation develops rapidly affecting all modes in the investigated frequency range (Fig. 7-3 ). At temperatures above 220 C no resonances could be observed any more. The dissipation effects show no hysteresis and are therefore independent from the phase transition. On cooling the temperature evolution of certain eigen-modes of our sample exhibits a weak step-like anomaly around 132 C. If that is related to the b $ b 0 transition, the stronger temperature dependence of the resonance frequencies above 132 C would imply that the absolute values of the thermoelastic constants of the b-phase are larger than those of the b 0 -phase. Regarding the origin of the acoustic losses mechanisms based on interactions between sound waves and domain walls or dislocations can be excluded, because the dissipation does not vanish after transformation into the high temperature modification and, respectively, the brittle-to-ductile transformation occurs at 290 C (Zogg, Timm, Warlimont, 1979) .
To summarize our investigations revealed that (i) except of an overall softer elastic behavior the elastic properties of Mg 38.5 Al 61.5 are very similar to those of Al, and Mg 12 Al 88 , i.e. the elasticity is dominated by the three-dimensional network of Al--Al interactions (cf. section 4), (ii) the thermodynamic character of the b 0 $ b transition is first order and the order parameter is only weakly coupled to elastic quantities, and (iii) strong ultrasound dissipation not related to the phase transition occurs in Mg 38.5 Al 61.5 . Additional investigations are required to clarify the nature of the latter phenomenon.
Conclusions
There are several remarkable results of this study. First, Samson's structure analysis published in 1965 is correct in every detail. Second, the large number of partially occupied atomic sites in the cubic unit cell does not mean that the structure contains a huge amount of vacancies as indicated by the Pearson symbol cF1832 (Villars, Calvert, 1991) for a unit cell containing 1168 atoms only. The partially occupied sites generate split positions accounting for the structural disorder (different orientations of structural units) rather than indicating missing atoms. Therefore, the Pearson symbol cF1168 better reflects the reality. This is corroborated by a comparison of the mean atomic volumes. The mean atomic volume of Mg 2 Al 3 , V polytetrahedral packing with preference of FrankKasper polyhedra and icosahedra --this is difficult to achieve in small unit cells; split positions, necessary to compensate for strains due to packing incompatibilities --intrinsic entropic stabilizing factor; partially occupied sites --a way to adjust the electron concentration. The question is how these special structural features influence physical properties. These structure/properties relationships will be studied in the framework of the NoE CMA.
